Analyse av startbetingelser og vannverdier for en stokastisk korttidsmodell by Hansen, Håvard
Analyse av startbetingelser og 
vannverdier for en stokastisk 
korttidsmodell
Håvard Hansen
Master i energibruk og energiplanlegging
Hovedveileder: Magnus Korpås, ELKRAFT
Medveileder: Ellen Krohn Aasgård, ELKRAFT
Institutt for elkraftteknikk
Innlevert: juni 2015
Norges teknisk-naturvitenskapelige universitet
 
Abstract 
A new model for short term hydro power scheduling (the SHARM model) has 
been developed and is being tested in an ongoing research project at SINTEF 
Energi. The SHARM-model accounts for uncertainty in market price and 
reservoir inflow, and will through this give a better basis for decisions and more 
robust plans when multiple possible strategies should be considered. With 
some conditions a stochastic model will give more valuable results. When there 
are low reservoirs and low inflow the risk of committing to more production 
than what can be delivered is great. Different forms of water value expressions 
will also influence this. It is interesting to study how a stochastic model would 
solve this versus a deterministic model. 
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Sammendrag 
Denne oppgaven har forsøkt, ved hjelp av Sintefs SHARM modell, å finne 
betingelser hvor en stokastisk fremgangsmåte for produksjonsplanlegging av 
vannkraft vil gi målbare fordeler fremfor en deterministisk fremgangsmåte.  
En deterministisk modell tar ett sett med inndata og gir deg det beste planen, 
gitt at nøyaktig det du fortalte modellen skjer. Dette er slik dagens 
kommersielle modeller fungerer og når inndataen er værmeldinger og 
markedsforustigelser, sier det seg selv at resultatene ikke kan brukes uten å 
modereres noe. Konsekvensen av detter er at produksjonsplanlegging i dag 
krever mye skjønn. 
 
Inndataen i en stokastisk modell er en sannsynlighetsfordeling med mange 
mulige utfall for pris og tilsig. Modellen veier ulike scenarioer mot hverandre 
og gir et resultat som i en hvis grad tar høyde for usikkerheten. Målet er at 
denne dataen skal gi et bedre grunnlag til å fatte beslutninger i 
produksjonsplanleggingen enn det de deterministiske modellene gir. 
Fokuset til optimaliseringene i denne oppgaven har vært bruken av 
forskjellige vannverdiformer, og effekten av startmagasinnivået. 
Optimaliseringene har blitt gjort med både stokastisk og deterministisk 
inndata og resultatene av dette sammenliknet. 
 
En vannverdisensitivitetsstudie er blitt gjort for å finne ut effekten av to 
forskjellige måter å uttrykke vannverdier, uavhengige vannverdier og 
uavhengige vannverdifunksjoner. Den første er en statisk vannverdi, den 
andre er avhengig av magasinnivået. Vannverdiene ble hevet og senket og 
testet mot to forskjellige prisprofiler. Resultatene viste at effekten av de mer 
ekstreme vannverdiene ble dempet av uavhengige vannverdifunksjoner og av 
en prisprofil med større variasjon. De stokastiske og de deterministiske 
fremgangsmåtene reagerte veldig likt på inndataen. 
 
Den andre analysen som ble gjort var av startmagasinnivået. Her ble 
startmagasinene senket til de var nesten tomme. Den stokastiske modellen 
viste seg å være mer forsiktig enn den deterministiske og ga de beste 
resultatene når tilsiget var lavt. Forskjellen ble ikke spesielt signifikant før 
startmagasinnivået var ekstremt lavt. 
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Summary 
This thesis has sought to find conditions where a stochastic approach to 
production planning of hydro power will give measureable benefit compared 
to a deterministic approach, using Sintefs SHARM model. 
A deterministic model takes one set of inputs and tells you the best course of 
action if that exact course of events transpires. This is how the commercial 
models used today works and when the input data is forecasts for 
meteorological and market data it goes without saying that the output from 
the deterministic model cannot be used without some moderation. As a 
consequence production planning today require a great degree of human 
touch. 
 
A stochastic model uses a range of possible outcomes as input, weighs them 
by probability and gives solutions that take some of the uncertainty into 
account. The goal is that this data will aid in the production planning process 
more that the deterministic. 
The focus in the optimizations done has been the use of different water value 
expressions, and the effect of the initial reservoir level. Optimizations have 
been done with both stochastic and deterministic input, and the results 
compared.  
 
A water value sensitivity study tried to determine the effect of two different 
water value expression form, independent water values and independent 
water value functions. The first is a static water value, the second dependent 
of reservoir level. Water values were raised and lowered and tested against 
two different price profiles. The results showed that the effect of extreme 
water values was dampened by independent water value functions and a 
price profile with large variations. Stochastic and deterministic approached 
reacted very similarly to the input data. 
 
The second analysis was of initial reservoir levels, where the starting 
reservoirs were lowered to almost empty. Here the stochastic approach 
proved to be more cautious, giving the best results when inflow was low. The 
differences only really stood out when initial reservoir levels were extremely 
low.  
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Theory 
Power markets 
The Nordic power exchange is where producers may sell their power. It is 
divided into two parts, a financial market called NASDAQ OMX and a physical 
market run by Nord Pool Spot. In the financial market one may trade power as 
far as six years ahead in time. To manage their risk producers will sell some 
production ahead of time. There are also several financial instruments that can 
be traded on NASDAQ OMX. 
The physical market consists of a day-ahead market (Elspot) and an intraday 
market (Elbas). Power sold in the day-ahead market still accounts for a 
substantial part of the total produced volume in the Nordic system.  
The day-ahead market is cleared by 14:00 every day. Producers have until 12:00 
to deliver their bids in the form of a bid matrix. In this bid matrix each hour has 
a set of prices and a corresponding production. Each participant in the market 
sends one bid matrix with their aggregated production or consumption. The 
system price is then calculated by finding the intersection between the 
aggregated sale and buy curves. The system price is calculated with an 
assumption of unlimited transmission capacity in the system (Wangensteen, 
2011). If the power flow on a line between price areas then exceeds its capacity 
the price on each side of that line will be changed to facilitate the flow. In the 
deficit area the price is increased to bring up production, and in the surplus 
area the price is decreased. 
After the market clearing the producers have a commitment to deliver the 
power they have sold. The sold amount is found by interpolation between the 
two closest price points. The day-ahead market uses a marginal price, meaning 
every bid gets the same clearing price. The time between the decision on what 
to bid to the time of delivery can be as much as 36 hours. Many things may 
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change in this time. From a producer standpoint the most notable is the 
weather. More rain than expected may drastically increase inflow to smaller 
reservoirs, which in turn may restrict planned production upstream, or force 
unplanned production downstream. Failure of equipment can also pose a large 
problem. These unforeseen circumstances may make it impossible to fulfil the 
commitment made in the day-ahead market. 
The intraday market allows producers to trade with each other up to one hour 
before delivery. The capacities that created price difference in the day-ahead 
market still applies in the intraday market. This means that you can sell power 
to connected areas in a deficit area, but not buy. Trading within your area has 
no restrictions. The intraday market is a continuous auction where a buyer will 
get the price of the cheapest seller until their order is filled or their price not 
met. 
If a producer cannot meet the commitment from the day-ahead market and 
not trade their way to balance in the intraday market they can plan with an 
unbalance. In practice this means they are committing their unbalance to the 
regulating power market. The regulating market is part of the balance market 
and is also called tertiary reserve. This is what the transmission system 
operator (TSO) use to balance the power system when there are faults on lines, 
large generators or pumps do not come on line or unexpectedly fall out or 
when demand differs from the forecast. Participants in the regulating power 
market submits a bid matrix of available regulation at a price for every hour. 
These are both up and down regulation and equates to buy and sell bids. The 
TSO will activate each bid as they see fit and the price for all activated bids will 
be the price of the highest, in the case of up regulation, or the lowest, in case of 
down regulation, of the activated bids at that time. Every hour will have a 
regulating power price for each area which is the average price for regulating 
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power that hour. This is the price you get for your unbalance when planning 
with an unbalance. 
Water values 
The resource of hydro power is of course water. Over the course of a year a 
producer may only use as much water as enters the system in that time, lest 
they end the year with depleted reservoirs, and have that much less water to 
spend the following year. As a result of this a producer has a limited amount of 
production over a year, and to maximize profits must only sell that power in the 
hours with the highest prices. 
Given a single reservoir and generator with a degree of regulation of one, 
meaning the reservoir storage capacity is equal to its yearly inflow (no risk of 
spillage), and a usage time of 1000, meaning 1000 hours of production will 
spend the yearly inflow, the optimal operation would be to only sell power in 
the 1000 highest priced hours of the year. The price of the lowest of those 1000 
hours is the minimum price at which production should be sold. Knowing this 
one can say that whenever a better price than that can be attained one should 
sell. This price is what is called the water value. 
Each reservoir will have its own water value, and the exact value is decided by a 
great many factors. Simply, as stated in the previous paragraph the water value 
is the best price one can expect to get for the water. If a reservoir is nearly full 
one cannot wait for the ideal price and the water value will have to be lowered 
to a level that gives enough production to prevent overflow; a river power plant 
that has to produce all the water that enters during the summer will have a low 
water value, while a large reservoir plant can save the water for the higher 
priced winter months and subsequently will have a high water value. From this 
it is also evident that inflow has an effect on the water values. 
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To find the optimal operation of a hydro system the profit from production 
over the optimization period plus the value of stored water remaining is 
maximized. From this one can see that the water value needs to represent, not 
the value today, but the value at the end of the optimization period. Because of 
this the water value depends on the operation of the system. In more complex 
systems each water value is also dependent on the reservoir levels of the other 
reservoirs in the system. In cascaded systems one reservoirs water value will 
depend on the reservoir above and vice versa.  
The main objective of the water value is to represent the future after the 
optimization period. They are made to reflect the results from the long term 
models, and through that the long term strategy. Calculating water values is a 
large operation and not something that can be done every day. It is common to 
calculate new water values once a week. If the forecasts are mistaken the 
reservoir levels after a few days may differ greatly from the expected 
development at the time of water value calculation, and recourse may be 
needed that simple water value descriptions will not be able to reflect. Because 
of this the water values needs to be robust and able to give good results, even 
when inflow and prices deviate from the prognosis from which the water values 
were calculated. The more information held in the water values, the better 
basis the optimization has to decide whether the water is best spent now or 
later. There are three ways of expressing water values, each one more detailed 
than the last.  
Independent water values 
The simplest way of expressing water values is the independent water value. 
This can be viewed as one dimensional and contains only one water value per 
reservoir that is unchanged throughout the optimization period. This water 
value is found by setting a target for the reservoir level at the end of the 
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optimization period based on price forecasts for the year and the long term 
strategies. The water value is the value that gives the desired production during 
that time based on the expected price in the period. This is a large 
simplification, and while it is effective, may not give optimal results.  The 
independent water values are not robust, and will not trigger additional 
production when inflow is higher or prices lower than the original prognosis 
and the reservoir levels rise. Another weakness is that it attributes a too large 
value to a full reservoir in times of low prices. Especially on reservoirs with a 
low degree of regulation where the optimization will end the period with 
brimful reservoirs. Independent water values does not reflect risk of spillage. 
Independent water value function 
The second option is the two dimensional independent water value function. 
These water values are dependent on the reservoir level. They are commonly 
expressed as a straight line from a water value of zero at full reservoir level and 
increasing with lower reservoir levels. The independent water value function 
will to a much larger degree keep the reservoirs on the level where the long 
term strategies wants them. Allowing reservoirs to rise will bring the water 
value down and incite production, while draining them will stop production 
unless the prices are high enough to warrant the production. The independent 
water value function is more robust than independent water values and is able 
keep reservoirs within the desired limits even when price and inflow forecasts 
miss their mark.  
Dependent water values  
Dependent water values of cut files is the last and by far most complicated of 
the water value descriptions. The dependent water values are not only 
dependent on the reservoir level of the reservoir in question, but also on the 
reservoir level of all the other reservoirs in the hydro system. 
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For a single reservoir a graph of expected income as a function of end-reservoir 
level can be found. This is the red graph in figure 1. At different reservoir levels 
the marginal value can be found, expressed by u1, u2 and u3 in the figure. 
These lines can be added to the optimization model as restrictions and will act 
as water values. For one reservoir the dependent water values will be non-
linear and two dimensional. For two reservoir it will be three dimensional as 
the right graph in figure 1 shows. For three reservoirs it will be four dimensional 
and so on. 
 
 Figure 1: Expected income for one reservoir expressed by three cuts, and for 
two reservoirs expressed by 16 cuts. (Doorman/Fosso, 2013) 
From a production planner’s point of view the use of cut files mask a lot of the 
inner workings of the optimization model, as it is difficult to know which cuts 
have been used and to know just why the model will trigger production from a 
given reservoir at a specific time. The other methods are more transparent, as 
they make it much more predictable when production should take place. 
Hydro scheduling  
The starting point of planning hydro production is knowing how much 
production one has available. Production is measured in power, a term that 
means energy per second, and can be found through the formula for potential 
energy E=mgh where m is mass, g is the gravitational constant and h is the 
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height. This formula could yield the total stored energy of a reservoir, but to 
find the power one needs to find the energy of the amount of water that passes 
through the power plant in a single second. The mass of the water flowing in a 
second is found by p*Q where p is the density of water (1000 kg/m^3) and Q is 
the volume-flow (m^3/s) dictated by the tunnel cross section. Because of losses 
in the tunnel, in the turbine and electrical losses in the generator all of the 
energy cannot be utilized. This loss is expressed by an overall efficiency n. The 
end result is the formula 
P=npQgh 
The height is the difference between the inlet and outlet water surface and 
varies with the water level of the reservoir, as restricted by the upper and 
lower limits of regulation for the reservoir, known as HRV and LRV respectively. 
These are bounds set by the NVE during the concession process with 
environmental concerns in mind. A common expression in this regard is head. 
Head is the energy per unit mass of water and is related to the velocity of 
moving water (or proportional to the height in case of static head). (Doorman, 
2013.  When placing a reservoir there is often a tradeoff between catchment 
area and head. A reservoir built high in the mountains will have a large head, 
but a small catchment area and subsequently a small inflow. Placing the 
reservoir lower along the watercourse will increase inflow but decrease the 
head. 
The goal of hydro scheduling is to find the operation of the power system that 
yields the biggest profit. To find this optimal operation short term earnings, 
meaning the immediate production at the price it could be sold, and the value 
of stored water, the remaining energy stored sold at the expected future prices, 
are maximized. The mathematical formulation below is a simplified version of 
this to give an idea of the method. 
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𝑀𝑎𝑥 [∑(𝑝𝑡 ∙ (𝑞𝑠,𝑡 − 𝑞𝑝,𝑡) − 𝑐𝑠𝑡𝑎𝑟𝑡,𝑡 − 𝑐𝑝𝑒𝑛𝑎𝑙𝑡𝑦,𝑡) + 𝑅𝑇
𝑇𝑘
𝑡=0
] 
𝑇𝑘  = Total amount of time steps 
𝑝𝑡  = Price at time step t 
𝑞𝑠,𝑡  = Quantity sold at time step t 
𝑞𝑝,𝑡  = Quantity purchased at time step t 
𝑐𝑠𝑡𝑎𝑟𝑡,𝑡  = Cost of start-up at time step t, 0 if there is no change in a 
generator running/ not running 
𝑐𝑝𝑒𝑛𝑎𝑙𝑡𝑦,𝑡 = Cost of penalty function at time step t, penalties are a set cost 
for breaking a specific boundary like  
𝑅𝑇   = Value of end reservoir, the value attributed to water 
remaining decided by water value and reservoir level  
 
When looking at this it becomes apparent that the water value, as part of 𝑅𝑇, 
plays an important role, and that an accurate water value is imperative to the 
correct management of resources. Finding this water value requires looking 
years ahead in the future and taking into account a great many factors. To 
achieve this, models that simulate inflow, production and demand over the 
next several years are used. 
The detail needed to make a finished production schedule or bid matrix, does 
not easily scale up to international size over several years. For this reason the 
process is divided into the hierarchy depicted in figure 2.  
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Figure 2 
Long term model  
The long term model is a stochastic optimization model that analyses 
fluctuations in inflow and price over a long time span to find the optimal use of 
production resources. The system boundaries are chosen as large as possible. 
This could be the Nordic system with connections to a generalized Europe. To 
make this large system manageable all reservoirs and generation in one area is 
aggregated into a single reservoir and plant. The timescale can also be 
aggregated to use a weekly resolution. Inputs for the long term model are 
statistical meteorological and hydrological data as well as forecasts of demand, 
outages and new production capacity. Outputs from the long term model are 
aggregated water values, target reservoirs and price series. 
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Seasonal model  
The seasonal model acts as a link between the long term and short term 
models. While aggregated reservoirs are used in the long term model, the short 
term model needs information about each reservoir. It is the seasonal models 
objective to interpret the output from the long term model and output 
information that the short term model can use. The coupling between the long 
term and seasonal model is based on target reservoir levels when they can be 
considered known, like at the start of the spring flood, where reservoirs should 
be depleted, or at the beginning of the draining season, where reservoirs 
should be full. Multiple scenarios are run by deterministic optimization to give 
the cuts for each reservoir used in the short term model. 
Short term model  
The final step of the scheduling is the short term. Because the short term model 
will be used to make operative decisions, the output should be an 
implementable production schedule. To facilitate this the short term model is 
more detailed and has complex system descriptions, taking into account the 
smaller details like head, water course delay and efficiency. The short term 
model needs to be run many times a day for the production planners to get a 
good basis to make their decisions. Hence, the model must have little 
computation time and due to the complexity of the model it needs to be as 
small as possible. It only accounts for the reservoirs and plants that needs 
schedules, while any other upstream production only is represented by an 
expected inflow. Everything else should be part of the water values and 
strategy from the longer term models.  
Risk management  
The most profitable operation is not always the ideal as a change in inflow from 
the prognosis may lead to empty reservoirs and you being unable to fulfill your 
commitments, or full reservoirs and loss of water, and thereby loss of future 
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profit. The same applies to uncertainty in price. A lower price than expected 
may lead to too little production and loss of water while a higher price than 
expected may lead to a larger commitment than you can deliver. 
To mitigate this risk a production planner will try to create a bidding matrix and 
production schedules that are robust at the expense of profit. 
SHARM 
Tree generation 
 The first step is to generate the input to the stochastic model. The input is 
what is called a scenario tree. The stochastic short term model optimizes profit 
with respect to the distribution for future values of the uncertain variables. The 
distribution for these variables are given as a scenario tree. Each node in the 
tree holds one possible realized value for each variable and the branching 
structure reflects the information flow of the problem. To create this trees a 
program called Scentreegen has been developed. 
Several approaches can be taken to generate a scenario tree. The Scentreegen 
program used in the SHARM model implements algorithms for scenario 
reduction and scenario tree generation. The methods are based on probability 
metrics which are measures of the distance between the reduced and full trees. 
The implemented algorithms are heuristic algorithms for obtaining a reduced 
tree that minimizes the distance between the full and reduced trees among all 
reduces trees of a given size, or for a given degree of reduction (Follestad, 
2014). The mean values are not necessarily preserved. 
First a fan tree is generated. This is a tree with only one branching point. Each 
branch is one combination of an inflow series and a price series. For an input of 
ten inflow series and five price series, 50 scenarios are created. 
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The tree generation takes the fan tree and creates a tree with several 
branching points. The method is based on successively reducing sub-trees of 
the original tree. Next the tree is reduced to limit the number of end nodes and 
make the optimization less resource demanding. Tree reduction refers to the 
task of creating a tree that consists of a subset of the scenarios in the original 
tree. The general idea is to successively delete or select single scenarios untill 
either a prescibed number of scenarios are selected or deleted, or a prescibed 
degree of reduction is achieved. The scenarios in the reduced tree is selected 
such that the reduced tree is as close to the original tree as possible. 
Optimization 
The optimization will move through the scenario tree node by node, gradually 
“revealing” the outcomes in the tree. For instance in the tree in figure 3 it starts 
in the root and sees the information up to node A as deterministic and creates 
a schedule for the period up to node A accounting for all the probabilities in the 
tree beyond node A. Next it created two schedules, one with deterministic 
input from node A to B and stochastic farther down and one with deterministic 
from node A to E. Lastly two schedules, from B to C and B to D, are created. The 
end result is three different schedules and reservoir developments, one for 
each root to end node path; there will be one unique result per end node in the 
tree. 
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Figure 3 
 
Case study 
Input data 
Independent water value function calculation  
In the model provided from E-CO Energi the water values were given as 
independent water values of Flævatn 250 NOK/MWh, Vavatn 250 NOK/MWh, 
Flatsjø 200 NOK/MWh and Eikrabekkdammen 200 NOK/MWh. To do 
optimizations with independent water value functions they have to be 
calculated and to get consistent data the independent water values are used as 
a starting point.  
The initial assumption is that the independent water value function will have 
the same water value as the independent at the starting reservoir level. The 
independent water value function is a straight line from zero water value at 
maximum reservoir level going through that point. This line is expressed by the 
formula  
VW(V) = WVindependent / (Vmax - Vstart) * (Vmax – V) 
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This is the independent water value function expresses in NOK/MWh. SHARM 
requires the independent water value functions to be given in NOK/Mm3. To 
find this the following formula is applied. 
NOK/Mm3 = NOK/MWh * MWh/Mm3 
The value of MWh/MM3 is found by roh*h*Q*g*n where Q is the amount of 
water that would need to flow to expend one MM3 in one hour. Q=10^6/3600 
m^3/s, g is gravity with the value of 9,81 m/s^2 and roh is the weight of one 
m^3 of water = 1000 kg. n is the efficiency and h is the head found by the 
difference between reservoir level and height of the outflow of the power 
plant. The resulting equation becomes  
10^6*10^3*9,81/10^6*3600 * h * n 
This can be contracted into  
2,725*h*n 
The efficiency is in the range of 0,8 to 0,9, but due to the complexity calculating 
an exact number it is omitted in the first tests. The efficiency is a constant 
modifier and will be accounted for when adjustments are made to the water 
values later to ensure consistency.  The value of h dependent on the reservoir 
level in meters above mean sea level (mamsl) while the water value is 
dependent on reservoir level in Mm3. To convert one into the other the Mm3 
value is referred to the reservoir curve, a table showing the relationship 
between the two based on measurements that are unique to each reservoir. 
These curves are found in the model file supplied by E-CO. 
If the water values are consistent, i.e. represents the same value, the reservoir 
levels of the long term reservoirs should be equal at the end of the optimization 
period for optimizations with the different water value expressions given the 
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same price and inflow. The smaller reservoirs varies between full and empty 
multiple times a day hence the end reservoir levels will not be greatly affected 
by the water value. They also face forced production meaning the production 
cannot be used to assess consistency either.   
As seen in table xx the optimization with the initial independent water value 
functions gives too much production and the end reservoir levels are too low. 
The water values need to be increased to incentivize spending less water. From 
this point trial and error is used as the water value for all reservoirs are 
gradually increased until the end reservoirs match the results from the 
independent water value optimization. At an increase of 40% the end reservoir 
in Vavatn is slightly under and Flævatn is slightly over. At this point the error is 
0,518% for Vavatn and 0,226% for Flævatn. Because of differences in inflow 
and reservoir curves the independent water value functions of the two 
reservoirs may differ slightly. The water values are changed independently until 
the desired outcome is found. Because the short term reservoirs cannot be 
assessed in the same way they are approximated by increasing them by the 
average of the increase of the other two.  
The end result is found to be an increase of 35% for Vavatn, 43% for Flævatn 
and the average of the two, 39%, for Flatsjø and Eikrabekkdammen. This gives a 
fault of 0,056% for Vavatn and 0,022% for Flævatn. The changes in the results 
when trying to minimize the fault further are very slight, and because of the 
time consuming nature of the trial and error this is deemed close enough. 
In later cases the starting reservoir levels need to be adjusted. The independent 
water values will not be affected by this, but the independent water value 
functions will need to be adjusted to compensate for the changed reservoir 
levels. When finding these water value the starting reservoir level used in the 
calculation of the independent water value function in the formula above is 
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adjusted to a percentage of the original reservoir level for the two long term 
reservoirs. The two smaller reservoirs are kept unchanged due to their low 
degree of regulation. With these adjusted water values one cannot guarantee 
that the independent water value functions and the independent water values 
are still consistent. In these cases the optimizations with different water values 
are not directly compared, rather they are assessed by looking at the 
differences between deterministic and stochastic optimization with the same 
water values. 
Hydro system description  
The hydro system used is the Hemsil system, belonging to E-CO Energi AS, 
found in Hemsedalen. The topology of the system is shown in figure 4. It 
consists of four plants and four reservoirs. The largest reservoir called Flævatn 
(205 Mm3) is connected to the plant Hemsil 1 (2x35 MW) and runs into 
Eikrabekkdammen (0,7 Mm3). The plant Gjuva (8 MW) gets its water from 
Vavatn (34 Mm3) and runs into the very small reservoir Flatsjø (0,12 Mm3) 
which in its turn produces through Brekkefoss (2 MW). Production water from 
Brekkefoss ends up in Eikrabekkdammen and finally everything is produced in 
Hemsil 2 (2x50 MW).  
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Figure 4: Hemsil hydro system 
During the spring flood and whenever there is heavy rainfall both 
Eikrabekkdammen and Flatsjø overflows. In the late summer there are often 
prices high enough to warrant production from Hemsil 1 and Gjuva, but 
uncertainty about inflow can make the risk of spillage downstream too high. 
This mostly applies to Hemsil 1 as its water throughput at maximum is more 
than 5 times that of Gjuva, and hence of more consequence to 
Eikrabekkdammen, but there is a profit to be made from an ideal operation of 
Gjuva and Brekkefoss as well.  There is a hope that a stochastic approach will 
aid in the making of this decision more than today’s deterministic models does. 
Inflow  
The inflow used in the simulations are based on an ensemble forecast. The 
ensemble forecast consists of 50 precipitation and temperature series and each 
set of precipitation and temperature is run through the hbv model 
(Hydrologiska Byråns Vattenbalansavdeling model) for the hydro system 
resulting in 50 inflow series. The hbv model accounts for the catchment area 
and things like snow and soil moisture, and gives a quite accurate estimate of 
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the expected inflow. These series are total inflow to the system and a scaling 
based on average yearly inflow is used to divide the inflow between each 
reservoir. 
In the water value sensitivity analysis the full ensemble forecast is used with all 
50 inflow series. The tree generation is set to make branching points every 24 
hours to reflect the planning horizon for production planners who will be using 
the tool. There are 50 end nodes, meaning that there is one path through the 
tree, one scenario, for each inflow series. 
 
Figure 5 
In the initial reservoir analysis only the lowest 10 inflow series are used. This 
part only seeks to observe the effects of a low inflow on already low reservoirs 
and the results from the higher inflow series will not yield relevant results, 
while the presence of high inflow probability could affect the stochastic 
optimizations to disregard the low inflow that . The inflow tree for this analysis 
is shown in Figure 6 with indications of which end branches that represent 
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which inflow series. The inflow series are sorted by sum inflow from i1, being 
the lowest at 8,53 Mm^3, to i10 at the maximum of 11,48 Mm^3.  
 
Figure 6 
The inflow ensemble forecast is run through the tree generation to create a 
branching tree. 
 
Price  
The prices used in this paper are observed prices from the same time period as 
the inflow forecast. In the water value sensitivity analysis both German and 
Norwegian prices are used. The Norwegian prices are from price are NO5, the 
same area that the Hemsil water course is in. Both prices are used to observe 
the effect of different water values with different price profiles. In the initial 
reservoir analysis only the NO5 prices are used. 
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Figure 7 show a common price development with German prices having large 
fluctuations between day and night, while the Norwegian stay much more 
stable. The German day prices are normally higher that Norwegian and the 
nights lower. There is also often a midday dip in German prices. The changes in 
German prices is due to the composition of their production which is unfit to 
deal with changing demand. When power consumption drops off at midday and 
during the night, thermal plants are unwilling to shut down production due to 
the large start-up costs, while wind production has no reason to shut down 
while there is wind.  
The Norwegian production consisting almost entirely of hydro power is much 
better at handling the changing demand. The start-up cost for hydro power is 
very small and all reservoir power is able to stop when prices drops below the 
water values, saving the water for later. Smaller reservoirs with large inflow 
and river plants will have to keep going through low prices because, as with 
wind power, stopping production will simply mean lost income. 
The Norwegian prices are pretty stable around 250 kr/MWh while the German 
prices are more volatile, but varies around the same level as well. The mean 
values of the two are 245,91 kr/MWh and 228,34 kr/MWh respectively. 
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Figure 7 
 
Method 
Water value sensitivity 
To determine how the model reacts to the different water values and any 
changes in these a sensitivity study is performed. Here different independent 
water values and independent water value functions will be tested against two 
sets of prices, Norwegian and German observed prices from the same time 
period, with both deterministic and stochastic optimization.  
The water values will be increased 25 % and 50 % and decreased 25 % and 50 % 
from their original values. Adjusting the water values are done by multiplying 
the original independent water values by 0,5, 0,75, 1,25 and 1,5, giving an 
independent water value for Vavatn of 125 kr/MWh, 187,5 kr/MWh, 312,5 
kr/MWh and 375 kr/MWh. The independent water value function is calculated 
the same as before, but with the adjusted independent water value as a 
starting point. 
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The stochastic optimizations are done with the scenario tree from figure 7, the 
full ensemble forecast.  
While the stochastic model weighs all the possible outcomes, the deterministic 
only looks at the one. Hence there is only need to optimize a representative 
selection of scenarios deterministically. With two different price series, two 
different water value descriptions, five different water values and two different 
optimization methods the total number of optimizations gets quite large. To 
limit the time spent doing these optimizations three scenarios have been 
selected for deterministic optimization, the maximum, minimum and the mean 
total inflow scenarios. These are shown in figure 8.  
 
Figure 8 
From the results from the complete stochastic optimization the scenarios that 
represents these inflow series can be found and compared to the deterministic 
results. 
Initial reservoir analysis 
It is theorized that the stochastic approach will have the largest advantage in 
situations where reservoir levels are low and inflow is low. In this situation 
there is a great risk of scheduling more production than you will be able to 
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deliver. The stochastic approach should mitigate this risk by accounting for the 
lower inflow scenarios when deciding a schedule. To test this optimizations are 
done with different initial reservoirs and a reduced scenario tree consisting of 
only the ten lowest inflow series from the ensemble forecast. A mean inflow 
scenario is chosen and a deterministic optimization is done. A stochastic 
optimization is then done for the whole tree, and the results from the mean 
scenario is extracted.   
This leaves two schedules, both made based on the same inflow, but one 
accounting for the possibilities of inflow deviations. The schedule found from 
the mean inflow scenario from both optimizations is then tested on all 
scenarios. To do this the schedule is set as a plan for all plants and simulated 10 
times, one for each inflow. If the production commitment cannot be fulfilled 
water has to be drained from upstream to fulfill it, losing value on the way, and 
if it cannot do that it will incur penalties for breaking the production 
boundaries. Either way, this will be reflected in the objective function value for 
each scenario. 
The optimizations are done with both independent water values and 
independent water value functions to see how the water value expression form 
affects the results. 
The total inflow of the 10 different inflow series can be seen in table xx. The 
mean inflow is 10256706 m^3 hence i5, being the closest to this, is chosen as 
the operational scenario, the scenario that the schedule will be found for. 
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A very important aspect in the stochastic optimizations is how the scenarios are 
grouped when the branching scenario tree is made. As seen in figure xx i5 is 
grouped together with i9 as well as i6, i1, i8 and i10. This means that the 
stochastic optimization will pay very little attention to the possibility of the 
lower inflow series i2, i3 and i4. Because of this the optimizations are also done 
with i4 as the operational scenario to study the impact of the first branching 
point. 
The initial reservoirs are reduced to 5 %, 10 %, 15 % and 20 % of the original 
initial reservoirs, which are observed values. This is to maintain the relation 
between them in an attempt to emulate the actual strategies employed by the 
operators of the system. 
Results  
Water value sensitivity  
The easiest place to see the effects of the water values is the production in 
Gjuva and Hemsil I. These plants draw from the long term reservoirs and will 
have production only when prices are higher than the water value. The other 
two plants are much more dependent on inflow, facing forced production when 
inflow is high, and limited production when inflow is low. The inflow 
Scenario Total inflow 
i1 8530452 m^3 
i2 9464040 m^3 
i3 9516708 m^3 
i4 9921672 m^3 
i5 10150092 m^3 
i6 10521648 m^3 
i7 10623816 m^3 
i8 10923876 m^3 
i9 11435220 m^3 
i10 11479536 m^3 
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dependence of the lower reservoirs also affect the upstream plants in that 
Hemsil II and Brekkefoss will be running at capacity when inflow is high, 
thereby not being able to accept water from upstream production; high inflow 
will block production at Hemsil I and Gjuva. This is also apparent when studying 
the results. The higher inflow a scenario has the more total production in the 
system, but the less production from the long term reservoirs. 
With the stable Norwegian prices the production is influenced heavily by 
changes in water value. When using the independent water values, the first 
step up, 125 %, gives full stop of production from the long term reservoirs. The 
results are exactly the same at the 150 % step, indicating that the highest water 
value that will trigger production lies somewhere between 125 % and 100 %. 
The independent water value for Flævatn at this step is 312,5 kr/MWh and the 
highest price in the NO5 price series is 258,67 kr/MWh. However, the water 
value for Eikrabekkdammen and Flatsjø is 250 kr/MWh, a price that is exceeded 
daily, but when increasing this to 300 kr/MWh production stays the same. The 
amount of production needed to throughput the inflow is greater than the 
amount of hours with prices above the water value at 125 %. 
Going in the other direction, 75 %, production from the long term reservoirs is 
at maximum production, all hours. Scenario 32 has reduced production because 
of blocking caused by the higher inflow. The water value at 75 % is 187,5 
kr/MWh, lower than any price encountered, and further lowering the water 
values has very little impact on the deterministic results. The stochastic 
optimizations decide to run Gjuva to an overflowing Flatsjø, when water values 
are at their lowest. 
The independent water value function moderates the response somewhat. 
When there is little production, reservoir levels rise, lowering the water value 
and inciting production. The 125 % water value that stopped all production 
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with independent water values now keeps a lot of production. This is highly 
dependent on inflow as the results from the 125 % Hemsil I clearly illustrates. 
The results from Gjuva seems to indicate the opposite, but again this is due to 
the blocking effect; the inflow to Eikrabekkdammen is high enough that both 
plants cannot run at maximum and the model prioritizes Hemsil I. 
The response is also lessened for a decrease in water value. As reservoirs are 
drained, water value increases and slows production. The influence of inflow on 
reservoir level and water value that was prevalent when increasing water 
values are much less visible here. The blocking effect from the large amount of 
production water entering Eikrabekkdammen counteracts this. 
The German prices vary much more than the Norwegian. The highest prices go 
up to 348 kr/MWh while the lowest are as low as 65 kr/MWh. This entails that 
when water values are lowered to 75 % of their original value there are still 
many hours where prices are lower than the water value, and when raised to 
125 % there are hours when prices are high enough to warrant production. This 
leads to a ramping of production across the spectrum. The highest water values 
still give zero production from the larger reservoirs, but due to the very low 
night prices in the German price series the lowest water values does not give 
the full production that was seen in the NO5 price scenarios. 
Using independent water value functions the spread across the different water 
values are even greater. The 75% and 50 % have some reduced production, and 
the 125 % has a significant increase. For the first time even the 150 % water 
values has production from the long term reservoirs, akin to the 125 % with 
independent water values, and still very inflow dependent as discussed in 
earlier paragraphs.  
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Initial reservoir analysis 
A challenge when reviewing the results from the initial reservoir analysis is that 
the changed reservoir levels and the inflow of the different scenarios all change 
the total value in the system, and thereby change the objective function value. 
To account for this the difference between the objective function value for the 
operational scenario and the others are studied. This value is quite constant 
across reservoir fillings as the added value from more water influences all the 
scenarios equally. It is only when production is limited by there being too little 
water to fulfill the commitment that this value starts to change. Table xx shows 
this value across different initial reservoir levels. With the independent water 
value function this value is not as stable as with independent water values, but 
the first being so dependent on reservoir level some variance must be 
expected. 
At the 4 % initial reservoir level the lowest inflow scenario faces empty an 
empty reservoir at Vavatn. Both the stochastic and the deterministic schedules 
encounter this for independent water value function. At 3 % multiple scenarios 
end the period with empty Vavatn for both water value expressions, the 
deterministic in scenarios 1, 2 and 3, the stochastic still only in 1. At the lowest 
setting, 1 %, all reservoir end up empty in the dryer scenarios. 
This is where trouble arises. The SHARM model does not calculate the 
production when set to a plant schedule. This allows it to have production 
without having water in the reservoir, and without incurring any penalties. The 
objective function values from the simulations were unchanged despite to 
empty reservoirs, and no useful information was possible to be gotten from 
them.  When making the schedules these penalties are accounted for by the 
model, but they are not transferred when testing the schedules on all 
scenarios. 
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To compensate for this an algorithm was made in Excel VBA that used the data 
from the result files from the SHARM model. By using the same values as the 
model for plant discharge, inflow, gate flow and initial reservoirs the reservoir 
development from SHARM could be matched exactly. A condition was added 
that when the plant discharge for day d exceeded the reservoir volume from 
day d-1 plus day d inflow, upstream plant discharge and upstream gate flow, 
the production for day d was reduced to the production that the day’s total 
water balance would allow. The missing production multiplied by day d prices 
plus a penalty value is then added to the scenario’s objective function value. 
The condition for Hemsil II is printed below. 
If (PlantDischargeHemsilII(d) > (VEikrabekkdammen(d - 1) + 
InflowEikrabekkdammen(d) + PlantdischargeHemsilI(d) + 
PlantdischargeBrekkefoss(d) - GateEB(d) + GateFvE(d) + GateFsE(d)) Then 
PmissingHemsilII(d) = PHemsilII(d) * (1 - ((VEikrabekkdammen(d - 1) + 
InflowEikrabekkdammen(l) + PlantdischargeHemsilI(d)+ 
PlantdischargeBrekkefoss(d) / VEikrabekkdammen(d))) 
VEikrabekkdammen(d)=0 
Else 
VEikrabekkdammen(d) = VEikrabekkdammen(d - 1) 
(VEikrabekkdammen(d - 1) + InflowEikrabekkdammen(d) + 
PlantdischargeHemsilI(d) + PlantdischargeBrekkefoss(d) - 
PlantDischargeHemsilII(d) - GateEB(d) + GateFvE(d) + GateFsE(d) 
End If 
It was decided that the missing production from Brekkefoss should not be 
added to the penalty as it is a very small reservoir and if how it behaves under 
these conditions is not indicative of any pros or cons to the modelling 
approach.  
The penalty for missing production was set to 500 kr/MWh. With the adjusted 
objective function values the results follow the patterns that one should 
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expect. The table of results can be found in the appendix.  The values in the 
table are scenario i – scenario 4, a low value reflects a solution that is good for 
multiple scenarios. The difference line is deterministic – stochastic, and a higher 
value means a better stochastic solution comparatively. The value at i4 is the 
objective function value for the operational scenario. 
The stochastic approach has a better solution for the lower inflow scenarios 
than the deterministic, but worse for the high inflow scenarios. In the 
independent water value results it can also be seen that the stochastic schedule 
is a better solution for scenario 7. This scenario is closer to the operational 
scenario than any of the other higher inflow scenarios in the stochastic tree. 
When the initial reservoir get lower the stochastic solution does even better 
than the deterministic for low inflow, and also improves for the higher inflow.  
Conclusion 
Water value sensitivity  
The water value is maybe the most important input parameter. As discussed in 
the hydro scheduling chapter, the value given to the remaining water in the 
system is a large part of the optimization LP, but how it intersects the price can 
be just as significant. With stable prices a small deviation in water value will 
have a very large impact. Full production all the time is rarely the most 
profitable management of the system, as is stopping all production from 
unpressured reservoirs. With the Norwegian price profile an accurate water 
value is essential. 
Water values that adapt to changing reservoir levels such as the independent 
water value function and cut-files will to some degree correct themselves. This 
behavior makes them more robust to changing conditions in the power markets 
and in the meteorological situation. 
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More volatile prices make the response in the system more binary. Either prices 
are high and maximum production is warranted, or prices are low and 
everything should be stopped. Operating in this kind of market lowers the need 
for precise water value. The results from the sensitivity analysis show that 
variations in the water values still have a large impact, but the changes in water 
values are severe. Small deviations in water value in a volatile market has small 
consequences.  
Applying water values that depend on reservoir levels to the fluctuating price 
profile, yields production spread out across the whole spectrum; there is 
almost as much production between the 100 % and the 125 % steps at NO5 
with independent water values as there is between 75% and 150% with 
German prices and an independent water value function. 
Initial reservoir analysis 
The deterministic solution will always be better for the operational scenario 
than the stochastic. The stochastic tries to find a solution that works for more 
than one scenario, and sacrifices profit in the process. The scenarios closest in 
the stochastic tree are the ones that are prioritized by the stochastic 
optimization. With a sufficient initial reservoir and independent water values 
the stochastic optimization has the best solution for scenario 1, 2, 3, 5 and 7. 
Scenario 7 is close to the operational scenario in the scenario tree and the 
lower inflow scenarios are the main concern for the stochastic model. 
With independent water value functions the stochastic model only has the best 
solution for scenarios 1 and 2. The solution for scenario 1 is much better than 
the deterministic however. The can be explained by the stochastic model 
seeing the extremely good value that can be found for the lowest scenario and 
this has shifted the focus of the stochastic model to optimizing for low inflows. 
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When decreasing the initial reservoirs down to the critical point where 
reservoir go empty the pattern is still the same. With the stochastic schedule 
the independent water values has the best results for all low inflow, while the 
independent water value function only has really a good solution for the lowest 
inflow. 
The initial reservoirs has to be lowered to extremes before the benefit of the 
stochastic approach really shines through. The 3 % case is quite similar to the 
20 % case, and it is really only the 1 % case that sees a large upswing in benefit 
from the stochastic approach. The penalty value of missing production will 
certainly play a big part in this. This is a value that is difficult to set a price on in 
a practical setting. The actual losses are dependent of the reserve power price 
of the day and hour and will vary a lot. There is even the possibility of make a 
profit from it. From a production planner’s point of view it is important that you 
make a schedule that you know you can keep. Replanning the schedule entails 
extra work and late hours. When reservoirs run empty before schedule the 
generators have to be taken out of the automatic control and new set points 
has to be set every hour or more often. And of course the transmission system 
operators want schedules they can trust. There are a lot of quality of life 
concerns that is hard to set a finite penalty per MWh for. 
All these things considered, a stochastic approach is beneficial when reservoirs 
are in danger of trespassing on their bounds. There will still be a need for 
people to use judgement in these cases, but a stochastic approach will give a 
better basis for decisions. 
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